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Abstract.

We use spatially continuous satellite data as a correlate of precipitation within tropical Africa and show

that the majority of documented Ebola hemorrhagic fever outbreaks were closely associated with sharply drier condi-
tions at the end of the rainy season. We propose that these trigger events may enhance transmission of Ebola virus from
its cryptic reservoir to humans. These findings suggest specific directions to help understand the sylvatic cycle of the virus
and may provide early warning tools to detect possible future outbreaks of this enigmatic disease.

INTRODUCTION

Ebola hemorrhagic fever (EHF), which is caused by a virus
of the family Filoviridae, affects human and non-human pri-
mates and perhaps other animals. Four genetic subtypes of
Ebola hemorrhagic fever virus have been reported: Zaire,
Cote d’Ivoire, Sudan, and Reston.' Ebola hemorrhagic fever
was first identified in 1976 when two epidemics occurred al-
most simultaneously in northwestern Democratic Republic of
Congo (formerly Zaire) and southern Sudan.?” One year af-
ter these outbreaks, a patient with Ebola hemorrhagic fever
sought treatment at a mission hospital in Tandala, Demo-
cratic Republic of Congo.* Another epidemic was identified
at the same location in southern Sudan in 1979.

Ebola hemorrhagic fever was not reported again until the
end of 1994, when three outbreaks started almost simulta-
neously. In November 1994, ethnologists studying chimpan-
zees (Pan troglodytes verus) in Tai National Park in Cote
d’Ivoire found dead chimpanzees and noticed the absence of
others. One dead chimpanzee was found to be infected with
Ebola virus, and one researcher was infected with Ebola dur-
ing a chimpanzee necropsy.®’ The following month, Ebola
outbreaks were reported in Gabon and the Democratic Re-
public of Congo. Multiple human cases were reported in
northeastern Gabon in the gold panning camps of Mekouka,
Andock, and Minkebe,*° and a large human Ebola outbreak
began in the Kikwit District in the Democratic Republic of
Congo.' The Kikwit outbreak resembled the 1976 episodes
in Yambuku, Democratic Republic of Congo where second-
ary transmission of the virus in Kikwit occurred through close
personal contact in families and hospitals where infection
control mechanisms were not in place because of economic
constraints. Retrospective case analysis suggests that the in-
dex case may have been a charcoal maker that worked in the
forest outside Kikwit and was presumably exposed through
an unknown mechanism to the virus. In Kikwit, human-to-
human transmission occurred without being recognized until
the end of April 1995. Additional human outbreaks were re-
ported in February 1996 in Mayibout II, Gabon, a village 40
km south of the original outbreak in the gold panning camps,
and in July 1996 at a logging camp between Ovan and Kou-
mameyong, near Booue.’

Ape carcasses were found near the sites of three Ebola
hemorrhagic fever outbreaks in Gabon; however from 1994 to
1997, only one chimpanzee was found to be Ebola positive in
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Lopé Park near Booué in August 1996. Circumstantial re-
ports attribute the February 1996 Gabon outbreak to infec-
tion after butchering a dead chimpanzee, although this has
not been verified.’

The largest Ebola hemorrhagic fever epidemic to date oc-
curred in the Gulu District in Uganda from August 2000 to
January 2001.'"'? Epidemiologic investigation of this epi-
demic showed intra-familial and nosocomial transmission
similar to the Kikwit outbreak.

From October 2001 to July 2002, several Ebola outbreaks
were reported in the Ogooue-Ivindo Province of Gabon and
in the Mbomo and K¢éll¢ districts in the Republic of the
Congo."® In August and September 2001, a die-off of chim-
panzees, gorillas, and duikers was reported in Gabon.'* Then
in December 2002, another outbreak of Ebola occurred in
humans in Kél1é. This outbreak was again preceded by a die-
off of chimpanzees, gorillas, and duikers in November 2002
that were laboratory-positive for Ebola infection.'?

Ebola virus affects non-human primates, and recent work
suggested a gradual spread of Ebola hemorrhagic fever virus
within gorilla and chimpanzee communities in western equa-
torial Africa with a dramatic decrease noted in population
numbers.'® Non-human primates have been implicated as the
source of several, but not all, human outbreaks through con-
tact with infected ape meat acquired through hunting. We
consider the possibility that Ebola outbreaks in non-human
primates may occur independently of human cases. This
raises the potential problem of distinguishing primary Ebola
outbreaks from undetected, residual outbreaks that re-
emerge from a non-human primate source, usually through
the bush meat trade.

Despite extensive field investigations to define the ecology
of the virus, the mechanism of transmission from its reservoir
to non-human primates and humans remains a mystery.
Filoviruses do not persist in experimentally infected non-
human primates. Non-human primates are probably not the
natural reservoir and, similar to humans, these species are
probably infected when direct or indirect contact is made with
the natural host. No Ebola viruses or antibodies against Ebola
virus were identified in the more than 32,000 animals includ-
ing arthropods, mammals, avians, and reptiles tested at sev-
eral sites in Africa as potential candidate reservoir spe-
Cies.12—15,17—21

Multiple factors likely contribute to the appearance of
Ebola hemorrhagic fever in non-human primates and hu-
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mans. Of interest is the spatial specificity, seasonal context,
and occasional temporal clustering of Ebola hemorrhagic fe-
ver outbreaks. Ebola epidemics in Nzara, Sudan and Yam-
buku, Democratic Republic of Congo in 1976 occurred within
two months of each other in two geographic locations sepa-
rated by hundreds of kilometers involving two separate viral
strains (Sudan and Zaire). The outbreaks of Tai, Cote
d’Ivoire, Mekouka, Gabon, and Kikwit, Democratic Republic
of Congo in late 1994 also occurred within two months of each
other in three different geographic regions involving two viral
strains (Cote d’Ivoire and Zaire). Fifteen years passed be-
tween the 1976-1979 and 1994-1996 temporal clusters of
Ebola cases without identification of additional outbreaks in
equatorial Africa. The late 2000 Uganda outbreak and the
late 2001 Gabon outbreaks occurred seven and eight years
after the 1994 outbreaks.

Prior studies have suggested possible enviroclimatic influ-
ence of Ebola fever incidence due to the predominant ap-
pearance of epidemics at the end of the rainy season and/or
the start of the dry season.®*?** Tucker and others analyzed
Landsat data from all reported Ebola outbreak locations and
found either gallery tropical forest or continuous tropical for-
est at every outbreak location, in addition to a significant
negative climatological anomaly associated with the 1994
cluster of outbreaks.** These initial studies suggest Ebola vi-
rus emerges from its cryptic reservoir in a specific geotempo-
ral and enviroclimatic context. While we acknowledge the
multi-factorial nature of epidemic triggering and propagation,
these studies implied an ongoing need to evaluate remotely
sensed data for use in predictive disease risk modeling, oth-
erwise known as Remotely Sensed Epidemic Surveillance.?
Here we investigate the possibility that enviroclimatic trigger
events preceded all initial Ebola outbreaks from 1994 to 2002,
using time series satellite data from July 1981 to the present.

MATERIALS AND METHODS

Epidemiologic data. Ebola hemorrhagic fever epidemics
were identified on the basis of previously documented, clini-
cally described, and laboratory-confirmed cases (Table 1).
When available, the date of symptom onset was noted for the
index case (either human or non-human primate) of each
outbreak or isolated case. We are possibly introducing errors
into the analysis because initial Ebola infection has been
documented within ape populations with occasional subse-
quent human infection such as the 1994 Tai National Park
Ebola outbreak.%7-13-16

Remotely sensed data. An 8 x 8 km grid cell with bi-
monthly Normalized Difference Vegetation Index (NDVI)
time series data is used as a proxy indicator of enviroclimatic
conditions that we associate with Ebola outbreaks. The
NDVI data were derived from the Advanced Very High
Resolution Radiometer (AVHRR) instrument carried on po-
lar orbiting National Oceanic and Atmospheric Administra-
tion (NASA) series of meteorologic satellites and processed
by the Global Inventory Modeling and Mapping Studies
group at the NASA Goddard Space Flight Center.?>° The
NDVI is computed from the upper green and red (550-700
nm) and near infrared (730-1100 nm) channels of the
AVHRR instrument as NDVI = (near infrared — red)/(near
infrared + red).

High values of NDVI (~+0.6) are representative of dense
green canopies with a high concentration of chlorophyll,
while low values (~0.1) are indicative of sparse vegetation
cover and stressed vegetation.?'*> The NDVI data provide a
temporally and spatially consistent inventory of global grid-
ded time series at 8 km resolution using bi-monthly maximum
composites.?® 33

A number of studies have shown that NDVI time series are
a surrogate for vegetation response to rainfall and evapo-
transpiration in a wide range of environmental conditions.
The NDVI is a surrogate for photosynthetic capacity since it
is highly correlated to the absorbed fraction of photo-
synthetically active radiation (FPAR) and thus gross photo-
synthesis.*> We use the NDVI to infer the FPAR, which is
directly influenced by rainfall. The NDVI time series has
been used to investigate ecologic dynamics and enviroclimati-
cally coupled diseases.** %

The documented Ebola hemorrhagic fever outbreaks that
occurred within the 1981-2003 satellite record were located
by the closest geographic coordinates and their respective
NDVI were extracted. The mean value, variance, and sea-
sonal profiles of NDVI were used to identify regions (8 x 8
km grid points) of continental Africa with similar character-
istics to those from the Ebola sites.

Figure 1 shows the NDVI seasonal patterns for the sites of
reported Ebola outbreaks within the satellite record and the
NDVI time series during that period. These signals present a
characteristic bimodal/unimodal rainy season pattern proper
of tropical forest and tropical gallery forest within a savanna
matrix of equatorial Africa. Of interest is the unique unimo-
dal seasonal context of the Democratic Republic of Congo
and Uganda Ebola incidences compared with the bimodal
rainy season patterns from the Gabon, Congo and Cote
d’Ivoire signals. The Nzara, Sudan site was added for com-

TABLE 1

Epidemic locations and date of exposure of the index case or first documented case at each location*

Epidemic site

Ebola subtype

Date of index case clinical

presentation Cases/deaths

Tai, Cote d’Ivoire

Mekouka, Andock, Minkebe, Gabon

Kikwit, DRC

Mayibout II, Gabon

Booue, Gabon

Gulu, Uganda

Mékambo, Gabon to Kelle and Mbomo, Congo
Kelle and Mbomo, Congo

Ebola Cote d’Ivoire
Ebola-Zaire
Ebola-Zaire
Ebola-Zaire
Ebola-Zaire
Ebola-Sudan
Ebola-Zaire
Ebola-Zaire

Oct 1994 12(1)/12 (0)
Nov 1994 49/29
Dec 1994 315/242
Jan 1996 31/21

Jul 1996 60/40
Sep 2000 425/224
Oct 2001 124/97
Dec 2002 143/128

* Chimpanzee cases are noted at the Tai site with the human exposure noted in parentheses. DRC = Democratic Republic of the Congo.
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FIGURE 1.

Bimonthly Normalized Difference Vegetation Index (NDVI) seasonal average of each reported Ebola incidence (dotted light line)

versus the NDVI signal of the area during the months before and after the appearance of Ebola (dark line). The bisecting vertical line indicates
the first reported appearance of Ebola for the given site, except the figure for Nzara, which draws comparison between Nzara and Kikwit due to
noted environmental similarities between the two sites. The first column shows the areas with a unimodal rainy season. All of the other outbreak
sites display a bimodal rainy season. DRC = Democratic Republic of Congo. This figure appears in color at www.ajtmh.org.

parison with the Democratic Republic of Congo and Uganda
sites because of noted similarities in the unimodal seasonal
behavior; however, cases of Ebola were not documented in
Sudan within the time period of the satellite record analyzed.
The bimodal signals show a large deficit of the NDVI with
respect to the seasonal pattern (negative anomaly) during the
months prior to first appearance of the virus. The Kéllé, Re-

public of Congo NDVI time series does not show this nega-
tive anomaly; however, the Mekambo, Gabon time series
does, which supports the observation that the cases in Kéll¢,
Republic of Congo represented an extension of the Mekam-
bo, Gabon outbreak. Note also that a negative NDVI
anomaly was found at the Kikwit site during the first months
of 1994, but was not associated with the immediate outbreak.



EBOLA TRIGGER EVENTS 667

A major drought was observed in 1994 in the immediate areas
of the bimodal signals (i.e., the Cote d’Ivoire and Gabon sites)
but not the unimodal sites (i.e., the Democratic Republic of
Congo and Uganda sites).

Figure 2 shows half geographic degree boxes around the
reported Ebola sites; regions with similar spatial and tempo-
ral characteristics color-coded by site; and regions with sea-
sonal correlation higher than 0.85, which may indicate risk of
Ebola transmission. The regions shown in Figure 2b are strati-
fied according to type of rainy season(bimodal or unimodal).
Figure 2c shows the first evidence of enviroclimatic coupling.
The results in Figure 2d were estimated from 538 composites
(i-e., 24 per year, July 1981 to October 2003) and were tested
at a 95% confidence level (r = 0.92) using a two-tailed #-test.
High spatial coherence was found among the pixels at this
confidence level, i.e., the distance to Ebola outbreaks were
less than 220 km or 2 degrees.

To extract features that indicate the possibility of enviro-
climatic trigger events during Ebola outbreaks a Canonical
Correlation Analysis (CCA) for each year is performed. The
yearly CCA analyses were based on a singular value decom-
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position (SVD) of the paired-mode correlation matrix (A)
between the 24 composites of NDVI signals from the Ebola
sites at the year of outbreak (right field) and the 24 compos-
ites corresponding to the year of analysis from the regions
correlated to Ebola sites (left field) as presented in Figure 2d.

The SVD is a method of finding linear combinations of
unitary matrices U and V such that the individual covariances
are maximized. The solution given by an SVD matrix decom-
position is [U, S, V] = SVD(A), where A = USV".

The notation * means the transpose of a vector or matrix. In
this expression, U and V are matrices whose columns are
orthonormal (unitary matrices) and S is a diagonal matrix
whose diagonal elements are the positive singular values sort
in descending order.

The CCA is a multivariate statistical technique used to ex-
amine and describe the strength of a linear association be-
tween two sets of random variables (left and right fields).>*~*!
This analysis produces a set of orthonormal vectors for the
satellite NDVI signals (U) and Ebola sites (V), which are
referred to as the canonical factors and are sorted in descend-
ing order in terms of the percentage of the covariance ex-

b) Ebola: spatial signature
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FIGURE 2. Spatial characteristics of Ebola outbreak sites. a, Half geographic degree boxes around the reported Ebola sites to denote locations
and color coded by site. b, Regions with similar spatial and temporal characteristics color-coded by site, ¢, Regions with seasonal correlation higher
than 0.85, which may indicate risk of Ebola transmission. d, Narrower display of regions in which distances to Ebola incidences are less than two
geographic degrees. DRC = Democratic Republic of Congo. This figure appears in color at www.ajtmh.org.
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plained by the canonical factors (S). Of great importance is
that the leading paired-modes between annual NDVI images
and annual NDVI time series of regions of Ebola incidences
from the CCA are the largest signal involved between them in
both the temporal and spatial domains. In this case, this larg-
est signal can be used to identify for all Africa, regions that
can be associated with Ebola incidences through the canoni-
cal factor leading modes, and thus develop a temporal-spatial
risk index map for Africa.

To focus the analysis on the dominant modes of covariabil-
ity, we performed CCA using standardized, seasonal-mean
leading principal factors.® Before the results are shown, a few
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preliminary comments regarding statistical significance are in
order. As in many applications of CCA, we are dealing with
fields in which the number of grid points used have a rela-
tively small number of realizations in the time domain. The
number of degree of freedom in the correlation coefficients
derived from the normalized NDVI data set would be 22 in
the absence of year-to-year correlation. In this report, we rely
on simple two-tailed t-tests performed on 64 Monte Carlo
simulations for assessing the statistical significance of the re-
sults in which 5% of the grid points were selected randomly.
A 5% significance level (r = 0.7) using a two-tailed #-test is
reported.
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Since the CCA isolates linear combinations of variables
that optimize the correlations within two fields, a criterion to
determine when a pixel is anomalous can be defined in terms
of the integration of the first five canonical vectors for each
pixel with a negative anomaly, hereafter called the Ebola
Geo-Temporal Trigger (EGT2) index

Nc
EGT2 = 2 U(:, 1:Nc)S(1: Ne, 1:Ne)V(j, 1: Ney
j=1
where U, S, and V are the canonical components given by the
CCA, Nc represents the five most important components
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used in this study, and the notation ’ represents the transpose
of a vector or matrix. A pixel with an EGT2 index > 0.9 is
counted as a pixel involved in each trigger event. For display
purposes, this index is normalized by their maximum value
(2.5). Adding all EGT?2 pixel values for a particular year pro-
vides an annual overall Trigger Index (R).

RESULTS

Figure 3A shows the percentage of pixels at 8 km resolution
with a negative anomaly near an outbreak site at less than 275
Mayibout |l, Gabon: 2003
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FIGURE 3. (Continued) Geotemporal distribution of pixels exhibiting negative anomalies during the months before the outbreak. Distance
from the location of the sites where the Ebola outbreaks were reported (in degrees) is represented by the y-axis. Months from January to
December of the outbreak year are represented on the x-axis. The color convention represents the percentage of pixels in the region with negative
anomalies (as represented by red pixels). One degree equals approximately 110 km. DRC = Democratic Republic of Congo. This figure appears

in color at www.ajtmh.org.
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km (2.5 geographic degrees) from the site during the year of
the outbreak. The Tai (1994), Mekouka (1994), and Mekam-
bo (2001) Ebola outbreaks were associated with negative
anomalies two months before the first case of Ebola. These
large anomalies occurred during the second rainy season of
the year. Of interest is the unique high risk characteristic of
negative anomalies in the Mekouka site during the whole
year. The 1996 outbreaks in Gabon are preceded by short and
localized negative anomalies, suggesting ongoing transmis-
sion from a prior time period.

The outbreak of Kéllé (2002-2003) in the Republic of
Congo had two particular properties: 1) two separate months
with negative anomalies; and 2) the center of the negative
anomalies occurred distant (by 0.85 degrees) from the out-
break site, supporting the observation of outbreak extension
from nearby sites (Mekambo and Mayibout II, Gabon, Figure
3B). The Kikwit and Gulu outbreaks (both with unimodal
rainy seasons) occurred after a negative anomaly appeared in
areas at least 140 km (1.3 degrees) from the site or at least
four months before the first case of Ebola. We hypothesize
the temporal delay between negative anomaly and first ap-
pearance of Ebola in humans may be explained by undetected
transmission in non-human primates as described previ-
ously.'®

We found several important criteria for definition of an
Ebola trigger event. Table 2 shows the number of pixels
(highlighted) associated with a high EGT2 index for all of
Africa for each year (Np); the average of minimum distance
to Ebola sites (D); the overall transmission trigger index (R);
the percentage of Np associated with each individual Ebola
site (% of Np); and the minimum/mode distances from a
trigger event to an Ebola site (d). Notice the high concentra-
tion of anomalous grid points around Gabon sites (50% with
minimum distance of 2 km and mode distance less than 100
km). The repeated occurrences of environmental stress con-
ditions in this region are a warning of possible future out-
breaks of this enigmatic disease. Figure 4 shows the transmis-
sion risk R values in Table 2 obtained from the results of the
CCA in the spatial domain for each year. For display pur-
poses the R values less than 2.75 were rescaled by one-third.
Note that Figure 4 shows 1994 as a year of a significant trigger
event that spanned Cote d’Ivoire, Gabon, and the Democratic

Republic of Congo. Years highlighted with no associated ap-
pearance of Ebola, such as 1989, were associated with a low
overall transmission risk index (< 3.5), indicating low envi-
ronmental transmission competency potential. The year 1991
was the year with maximum number of pixels and trigger
index highlighted. This was due to the general disruption in
recorded NDVI over global tropical forest after the eruption
of Mount Pinatubo.***?

Figure 5 shows map risk indices for Africa by year based on
the EGT2 index to produce a geotemporal composite risk for
all of Africa. We propose that trigger index values greater
than 2.75 indicate increased risk of environmental transmis-
sion of Ebola virus.

DISCUSSION

Table 2 highlights 1994 and 2003 as years of highest overall
trigger index (R= 7.26 and R = 7.51, respectively). When
comparing their distances (D), however, the proximity to an
Ebola site is closer in 1994 than 2003. Moreover, there are
more pixels involved in their trigger event, especially in Ga-
bon, where the concentration of these points is higher (mode
distance = 71). Several other Ebola outbreaks were high-
lighted such as those in 2000 and 2001. In 1989, a relative low
R value was noted with an associated close proximity (d) to
Gabon sites; however, no Ebola outbreaks were reported in
Africa during this time. This may relate to non-human cases
occurring undetected. In contrast, the reported cases of Ebola
in 1996 were associated with a trigger index value less than
four and the lowest percent of pixels near Ebola sites in Ga-
bon. We interpret this as a residual Ebola presence in the
environment from the 1994 period.

We recognized the possibility of introducing errors into our
analysis due to 1) the hypothesis that Ebola can be transmit-
ted among non-human primate species, 2) the difficulty in
determining a primary Ebola outbreak from a secondary or
tertiary one; and 3) undetected cases likely occurring. Lastly,
the emergence of Ebola virus might not involve primates but
other animals such as bats or rats. Nevertheless, we found two
time periods during the past 23 years when trigger events
were present in equatorial Africa and no Ebola outbreaks
were reported (i.e., 1989, 1991; Figures 4 and 5). We interpret

TABLE 2
Geo temporal trigger indices for all of Africa and Ebola outbreak sites with trigger index components: number of pixels involved (Np), mean value
of the distance from involved pixels to Ebola site (D, kilometers), overall trigger index (R), percentage of Np associated with each individual
Ebola site (% Np), and minimum/mode distance, in kilometers, from a trigger event to an Ebola site (d)*

Cote d’Ivoire DRC Uganda Gabon
Years Np D R % Np D % Np d % Np d % Np d

1982-1988 2,618 7.8 2.15

1989 3,406 10.4 3.09 4 17/197 22 17/186 17 6/123 56 2/68
1990 3,522 6.4 2.56

1991 6,406 2.6 7.7 13 3/194 23 1/194 17 3/115 47 2/76
1992-1993 2,674 7.6 213

1994 6,151 32 7.26 19 3/187 28 1/196 3 6/121 50 2/71
1995 2,452 8.7 211

1996 4,247 5.6 3.53 14 6/193 23 11/195 19 3/107 44 2/66
1997-1999 2,921 8.5 1.39

2000 4,478 4.8 4.53 18 3/176 27 1/194 11 12/167 44 2/81
2001 4,648 4.5 5.64 21 3/162 18 7/198 13 6/165 47 2/83
2002 2,650 4.5 3.61 18 6/192 12 71198 20 3/148 50 2/85
2003 4,733 4 7.51 12 6/193 17 7/147 22 3/155 50 2/133

* DRC = Democratic Republic of the Congo.
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FIGURE 4. Ebola GeoTemporal Trigger Index showing the results of the Canonical Correlation Analysis in the spatial domain for each year
for all known Ebola-endemic regions of Africa. This figure appears in color at www.ajtmh.org.

this to mean that either no transmission of the Ebola virus
occurred in non-human primates and humans or an uniden-
tified epidemic may have occurred at that time.

It has been previously suggested the consistent appearance
of Ebola during the rainy season may be related to increased
numbers of insects and mammals.® Insect biomass in Ma-
kokou, Gabon has been reported to be 3.9 times greater dur-
ing the rainy season from mid-October to mid-December.**

Dramatic seasonal changes in fruiting and foraging behavior
in primates, squirrels, and birds have been documented in
Cote d’Ivoire and Gabon, where diet overlap and competition
for the same food source has been observed during the period
of maximum fruit production during the rainy season.®*+*+7
The trigger event described in this study, beyond the seasonal
enviroclimatic influences on Ebola transmission, may provide
an added influence that results in greater contact of candidate
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FIGURE 5. Yearly Canonical Correlation Analysis risk map of regions with characteristics of a trigger event according to the Ebola Geo-
Temporal Trigger (EGT2) Index. This figure appears in color at www.ajtmh.org.

host insect and animals that become exposed to the cryptic
Ebola reservoir through changes in foraging behavior.

The findings of this investigation suggest that highlighting
conditions favorable for Ebola virus transmission is critical
information for health care workers in Cote d’Ivoire, the Re-
public of Congo, the Democratic Republic of Congo, Uganda,
and Gabon. We will continue our analysis and publicize our
predictions to enable confirmation or refutation of our pre-
dictions. We have mapped the areas of potential Ebola out-
breaks based on the time series analysis for the unimodal and
bimodal rainy season locations shown in Figure 1. If our
analysis is correct, future Ebola outbreaks will only occur in
these areas and not elsewhere in equatorial Africa (Figure 5).
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